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ABSTRACT
Endocrine disrupting chemicals (EDCs) are a diverse group of chemicals which can have a
detrimental effect on human health, affecting any physiological body system sensitive to
hormonal changes. Human exposure to EDCs is inevitable due to their prevalence in modern
living; EDCs are integral compounds found in everyday items with which humans interact and
ingest. These, along with other indirect avenues leading to EDC exposure, pose a threat to both
human health and to the health of wildlife and agricultural environments. Studies on the effects
of EDCs on plants can be substantially informative and necessary for progress towards solving
the numerous problems associated with EDCs, and a meta-analysis on the effects of EDCs on
plants can help address these problems. A literature review of relevant journal articles citing
research on effects of various EDCs on plants was conducted in order to assess utility for metaanalysis. Out of 55 selected papers, 22 were found to contain data directly relating an effect of
the selected EDCs on plants which were collected and analyzed. A random-effects meta-analysis
of 325 collected data points was performed with means and standard deviations using free-source
meta-analysis software OpenMEE and the free-source data analysis software R. Results of the
main meta-analysis indicate that the tested EDCs have significant negative effects on plants (g=0.94±0.136, k=325, p<0.001), but subgroup analyses showed varying results. Heterogeneity
analysis identified potential sources of bias in sampled studies but overall concluded results of
analyses were significant and relevant. This meta-analysis along with literature review helps to
identify subjects in need of further study.
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INTRODUCTION
The human physiology is remarkably sensitive to chemicals such as those found in
everyday objects, environments, and activities. The notion that everyday chemicals can be
detrimental to human health is trivialized by their sheer abundance and ease of contamination;
humans may be exposed to minute concentrations of thousands of different chemicals over the
course of a day. Substances such as food additives, personal care and pharmaceutical products,
and industrial fumes all have the potential to be ingested and/or inhaled by humans. Harmful
chemicals such as dioxins, dichlorodiphenyltrichloroethane (DDT), and lead exposure from
paints and fuels can have profound and lasting effects on human health and thus their effects and
contamination pathways are under study (Encarnação et al., 2019; Kortenkamp, 2017; Sexton et
al., 2004). Among the host of chemicals that humans encounter daily are endocrine disrupting
chemicals (EDCs), a diverse group of either natural or synthetic substances that interfere with an
organism’s homeostatic control and/or reproduction. Given their prevalence in consumer
products, EDCs are especially problematic as their persistence in natural and man-made
environments can cause endocrine disruption and alter an organism’s hormonal and homeostatic
systems which allow it to effectively interact with its environment (Diamanti-Kandarakis et al.,
2009).
EDCs are classified into groups based on their chemical base structures (e.g.,
perfluoronated compounds, phenolic compounds, bisphenolic compounds, etc.), and EDCs with
similar structures produce similar physiological effects. A primary example is bisphenolic
compounds; there are multiple bisphenolic compounds which can all act in a similar manner by
mimicking estrogen and causing endocrine disruption (D. Chen et al., 2016). EDCs can have a
detrimental effect on human health, affecting any physiological body system sensitive to
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hormonal changes, including but not limited to cardiovascular, nervous, immune, and
reproductive systems. Specific conditions which can be directly linked to effects of endocrine
disruption include, but are not limited to: early asthma development, lowered fertility in both
men and women, and a host of different cancers (Rochester, 2013; Wen-Ling et al., 2018). The
adverse effects of EDCs can also extend to cells at a molecular level; for example, EDCs affect
telomerase regulation (Herz et al., 2017), lipid metabolism (S. White et al., 2011), protein
expression (Lasserre et al., 2009), alteration of thyroid hormones (Ademollo et al., 2008), and
DNA repair (Brieño-Enríquez et al., 2012).
Human exposure to EDCs is inevitable due to their prevalence in modern living; EDCs
are integral compounds found in everyday items such as fire extinguishers, non-stick cookware
(Ghisi et al., 2019), plastic food storage containers, thermal receipt paper (Adamakis et al.,
2016), and pesticides and herbicides (Q. Wang et al., 2015). In addition to human exposure due
to direct contact, there may also be indirect exposure due to consumption of contaminated water
and of plants contaminated by EDCs found in herbicides, contaminated water (Abril et al., 2021)
or produced by the plant naturally. One example of EDC contamination as a result of natural
plant processes can be seen in orchids and mustard seeds; the EDC bisphenol F (BPF), an
analogue of bisphenol A (BPA), can be produced naturally in the roots of some orchid species
and be emitted as a byproduct during production of mustard from white mustard seeds (Huang et
al., 2019; Zoller et al., 2015). However, the issue of plant contamination due to exposure to
contaminated water can cause additional problems.
A plant’s ability to uptake and translocate EDCs as well as degrade these chemicals is a
cause for concern. Degradation pathways associated with plants can be a contributing factor to
EDC exposure in humans, as well as other animals that consume the plants; plants which are
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exposed to chemicals (which can also be classified as EDCs) have the potential to further
degrade and transform these chemicals into other EDCs and cause contamination. An example of
this phenomenon comes from Bizkarguenaga et al. (2016) wherein carrot and lettuce were shown
to uptake and degrade the EDC 8:2 perfluoroalkyl phosphate diester (diPAP) into seven different
metabolites, the most abundant and notable being the known EDC perfluorooctanoic acid
(PFOA) (Bizkarguenaga, Zabaleta, Prieto, et al., 2016). A primary concern is contamination of
both potable and non-potable water throughout the world; water used to irrigate plants, whether
in man-made or natural environments, has the potential to contaminate plants and cause further
subsequent contamination. EDC degradation in plants is a cyclical issue; EDC uptake from
contaminated water can cause transformation into other equally harmful chemicals which then
contaminate through other pathways. EDCs are routinely detected in biologically active,
anthropologically harmful concentrations in both reclaimed water (Drewes et al., 2010; Wetherill
et al., 2007) and surface waters used for drinking (Arnold et al., 2013; World Health
Organization, 2003). Many countries face conflict with rising demands for water in the face of
climate change (Piesse, 2020). One proposed solution is the use of reclaimed water (non-potable
water that has been treated from storm water runoff or waste management systems) for water
intensive activities such as irrigation (Urkiaga et al., 2008). Use of reclaimed water may be an
effective solution to the problem of limited water availability for irrigation encountered by
farmers around the world (Schwaller et al., 2021), but there is evidence to suggest that this may
lead to EDC contamination of agricultural foods. Non-potable water can be reclaimed from the
earlier stated sources, and crops irrigated with reclaimed water are exposed to EDCs which are
then absorbed through the plant. Evidence suggests that EDCs can be taken into a plant both via
its root systems (Nie et al., 2016) and via deposition from surrounding air (Hülster et al., 1994).
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Wastewater filtration and treatment systems are not currently optimized for the removal of
EDCs, which can affect the concentrations of these pollutants being introduced back into the
environment (Qiang et al., 2013).
EDCs have different entry points into the water system; examples of how EDCs cycle
through world water systems include introduction via water treatment effluent (Koumaki et al.,
2018), landfill leachates polluted by wastes containing EDCs (Adamakis et al., 2013), and the
continued production of materials with EDCs which are introduced into water systems via street
runoff from rain water (Wilkinson et al., 2016; World Health Organization, 2003). A prevalent
issue mentioned throughout studies regarding EDCs is the concept known as hormesis: low
levels of EDCs, as might be detected at any given time within water both for plant use and
human use, can have a stimulatory effect on growth rather than an inhibitory effect, and it takes
higher concentrations of EDCs to produce a discernable inhibitory effect (Esteban et al., 2016).
This is a major component of the problem with EDCs as evidence also shows that several plants
that humans produce agriculturally can retain EDCs in plant organs such as roots, leaves, and
fruits consumed by livestock and humans alike (Bizkarguenaga, Zabaleta, Prieto, et al., 2016; Li
et al., 2015), in addition to environmentally relevant plant species which may be consumed by
other fauna (Hentges et al., 2009). Therefore, it is plausible that at any given time, any plant
growing wild or cultivated may be at risk of up-taking EDCs which are contaminating both
anthropogenic and natural environments while showing little to no discernible difference in
growth or functionality. The present study aims at elucidating the effect of EDCs on plants to
better understand potential risks to environmental and human health, especially through
agriculture.
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Studying EDCs’ effects on plants is crucial to understanding their potential
contamination pathways that may impact human health. Plants do not have an endocrine system
in the traditional sense; unlike humans, specialized organs are not required to produce or
distribute chemical signals through the body of a plant (Davies, 2010). Naturally, there is very
little comparison that can be drawn between the effects of EDCs on plants and on humans. For
the purpose of this study, an “effect” when referring to plants is defined as “any observable
response causing a deviation in normal processes associated with plant growth and functionality
correlated with exposure to an EDC”. This working definition has implications for the proper
health and functionality of plants as they pertain to both human health and wildlife health.
Multiple studies have already been conducted on the effects of EDCs on plants; evidence
suggests that EDCs can have an effect on growth and development of plant organs such as roots,
shoots, leaves, flowers, and fruits (Ferrara et al., 2006; Hülster et al., 1994; Li et al., 2015),
growth rate (Q. Wang et al., 2015), pollen germination (Chang et al., 2015; Speranza et al.,
2010), plant hormone levels (S. Wang et al., 2015), photosystems (J. Zhang et al., 2015),
microtubule and cytoskeletal elements (Adamakis et al., 2013), production of reactive oxygen
species (Speranza et al., 2012), and cell division (Adamakis et al., 2016).
EDC contamination of the environment is a complex issue with multiple causes. While
there have been many studies of the effects of EDCs on human health, the effects of EDCs on
plants has been largely overlooked despite the fact that there are indeed many studies examining
the effects of EDCs on plants. Since there is every expectation that plants are contaminated with
EDCs based on our knowledge of EDC presence in water supplies, a meta-analysis of these
studies may help elucidate a general trend in both EDC plant contamination and their effects on
plants, and reveal some potential avenues for remediation.
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Meta-analysis is a method of study which has been popularized and more intensively
used within the past 40 years. Prior to the use of meta-analyses, narrative reviews on a particular
subject were the most efficient way to address the state of the current research on the topic.
However, issues of subjectivity were a considerable problem with traditional narrative review;
the criteria for which studies were included or excluded could vary greatly between any two
authors reviewing the same subject, and thus were subject to different conclusions.
Previous studies performed about EDCs’ effects on plants have variable results and can
lead to confusion and misinterpretation of the exact nature of the issues. The systematic review
coupled with meta-analysis seeks to address the disparity of subjectivity by introducing a set of
rules to follow when collecting and reviewing literature on a subject followed by the use of
modified statistical tests to quantify particular elements of the subject. These elements can
include whether a treatment/intervention has an effect, the magnitude of the effect, and the
variability between studies (Borenstein et al., 2009). A meta-analysis on the effects of EDCs on
plants will help to better articulate the nature and magnitude of the problem as it relates to
agriculturally and environmentally relevant plants, how these chemicals have the potential for
secondary contamination in other organisms, and where future research should be focused.
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METHODS
LITERATURE REVIEW
A literature review of journal articles related to EDCs and their effects on plants was
conducted to assess relevance for inclusion in the meta-analysis. First, the following publications
were selected based on their subject matter and potential inclusion of subjects relevant to the
present analysis: The Journal of Experimental Botany, The Journal of Plant Biochemistry and
Biotechnology, The Journal of Plant Biology, The Journal of Plant Growth Regulation,
Molecular Plant, Planta, Plant Biology, Plant Molecular Biology, Plant Molecular Biology
Reporter, and The Botanical Journal of Scotland. These publications were searched collectively
using the Marshall University Library database, Summon, by inputting their respective ISBN
numbers. The EDC search terms included: endocrine, endocrine disruptor, bpa, bisphenol a,
dioxin, DEHP (Di(2-ethylhexyl) phthalate), triclosan, phthalate, PFAS (perfluoroalkyl
substances), PFOA, PFOS(perfluorooctanoic sulfate), atrazine, octylphenol, nonylphenol and
perchlorate. PubMed and SpringerLink were also searched using the EDC terms cross–
referenced with “plant”, “plants” or with relevant search options for subjects related to botany,
which allowed for a broader search scope. Some articles were located by recommendations
provided by the bibliography software Mendeley based on author’s prior searches and
downloads. Fifty-five journal articles were initially selected and then reviewed for a direct
measurement of an effect on plants by EDCs. Of the 55 selected articles, 22 were found to
contain data required for a meta-analysis with the following EDCs included in the meta-analysis:
bisphenol A (BPA), perfluorinated compounds (PFCs), phenolic compounds (PHNs) and
atrazine (ATR).
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DATA COLLECTION
Data collection from the 22 selected studies consisted of identifying results which
measured a direct effect of the tested EDC on plants, most commonly found in relevant tables
and graphs. The data extracted from selected studies consisted of means and standard deviations
and their respective sample sizes; data reported with standard error were converted to standard
deviation, and data reported only in graphs were estimated using the software ImageJ (Abràmoff
et al., 2006).
Data gathered were then categorized by EDC and plant type. Plant types were intuitively
determined to either be agriculturally relevant (AGR) or environmentally relevant (ENV) based
on their description as a commercially–grown crop or a plant not associated with agriculture. To
this end, plants commonly known to be grown for commercial consumption such as maize (Zea
mays L.) or tomatoes (Solanum lycopersicum L.) were classified under AGR as opposed to plants
such as mouse ear cress (Arabidopsis thaliana L.) or gymnosperm trees being classified under
ENV.
Most studies tested multiple variables and multiple plants, allowing for many data points
to be collected. In cases where multiple concentrations were tested, data were averaged across all
concentrations. After data collection, 351 data points were available for analysis.
META-ANALYSIS
A random-effects meta-analysis of the 351 data points was performed using means and
standard deviations by inputting data into the free-source meta-analysis software OpenMEE
(Viechtbauer, 2010; Wallace et al., 2012, 2017) and program R version 4.0.3 (Balduzzi et al.,
2019; Iannone et al., 2020; R Core Team, 2020; Viechtbauer, 2010). Data points found to contain
negative standard deviation values due to standard error conversion and data points which held a
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statistical weight of <0.01% were excluded from analysis; after exclusion of irrelevant data, 325
data points were analyzed.
First, an effect size measure was reported across all studies using Hedges’ g-standardized
mean difference (Aguilar et al., 2006). Hedges’ g (also referred to as Hedges’ d) is an effect size
estimate which is calculated as a standardized difference of means; g is calculated to be an
unbiased estimate of effect size, meaning that studies are assigned weights under this model and
subsequently compared (Hedges, 1981). This effect size estimate is therefore appropriate for a
random-effects meta-analytical model based on mean differences between a control group and an
experimental group wherein studies can vary widely in their individual measures. Statistical
methods for heterogeneity analysis were also applied; statistical tests included in this analysis
were Cochran’s Q, Higgins’ I2, and the DerSimonian-Laird (DL) τ2 (Cochran, 1954;
DerSimonian & Laird, 1986; Higgins & Thompson, 2002). Next, effect sizes were tested for
each of the four EDCs (subgroups) and finally, effect sizes were tested across all EDCs by plant
type subgroups (AGR or ENV).
While meta-analyses can address the magnitude of an effect, there is a potential problem
with bias; heterogeneity of the studies sampled is an important factor in determining the
legitimacy of a meta-analysis by indicating if there is bias in the sampled studies. Funnel plots
show publication bias by plotting a measure of variance inversely along the y-axis while plotting
effect size along the x-axis; all funnel plots produced for the present analysis show a comparison
between Hedges’ g and standard error. Funnel plots were graphed to determine the potential for
publication bias among the combined data and individual subgroups, and the statistical tests
Egger’s regression and the Fail-Safe N were calculated to show funnel plot asymmetry and data
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necessary to alter results, respectively. Forest plots, a visual representation of the results of a
meta-analysis, were produced for combined data plus each of the tested subgroups.

RESULTS
META-ANALYSIS
Results of the main meta-analysis indicate that the four EDCs have a significant negative
effect on plants (g=-0.940±0.136, k=325, p<0.001) (Table 1). Results of the EDC subgroup
analyses indicate that two of the EDCs, ATR and BPA, showed statistically significant negative
effects (g=-1.171±0.279, k=12, p<0.001 and g=-1.132±0.157, k=257, p<0.001, respectively)
while two of the EDCs, PHN and PFC, showed insignificant effects (g=-0.213±0.366, k=44,
p=0.561 and g=0.455±0.57, k=12, p=0.424, respectively). Results of the plant type subgroup
analyses showed a significant negative effect for both AGR (g=-1.042±0.136, k=268, p<0.001)
and ENV (g=-0.568±0.267, k=57, p=0.033). Context for interpretation of results is derived from
treating the sign of the differences of means as negative denoting an inhibitory effect and
positive denoting a stimulatory effect. These results suggest that while EDCs have a negative
effect on plants in general, more evidence for the PHN and PFC subgroups may be needed in
order to establish significance.
These results are more plainly plotted in the supplemental forest plots Figures S1-S7.
Forest plots are a graphic interpretation of the results of a meta-analysis which denote studies
with boxes and whiskers along a y-axis showing their effect size along the x-axis, weight based
on the size of the box, and variance based on the length of the whiskers. A summary denoted
with a diamond showing the overall effect and variance is then found at the bottom of the forest
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plot. The provided forest plots also include a statistical summary containing information found in
Tables 1-2.
Table 1: Hedges’ g effect size estimate meta-analysis results

HETEROGENEITY ANALYSIS
Heterogeneity analysis for the full data set returned a Q value of Q=2465.407 with
p<0.001. I2 values for the main analysis and subgroup analyses were also calculated and are
shown in Table 2. I2 values for all subgroups were sufficiently large and statistically significant
save for ATR which showed low true heterogeneity and an insignificant p-value. τ2 calculation
for the full data set returned τ2=4.549.
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Table 2: Higgins’ I2 test for percentage of true heterogeneity values

Funnel plots for the combined data plus each subgroup were produced to help indicate
any possible publication bias. Because variance is directly linked to sample size, studies with a
larger sample size and less variance are plotted near the top and studies with a small sample size
and more variance are plotted near the bottom. The main factor to look for in graphing a funnel
plot is symmetry; asymmetrical funnel plots can be an indication that only studies favoring a
specific outcome were included in analysis and that the true effect size may be different than the
calculated effect size. However, because funnel plots can be unreliable in their interpretation for
determining bias in sampled studies, additional statistical analyses were performed; Egger’s
regression test for funnel plot asymmetry and Fail-Safe N values were also calculated in order to
further elucidate heterogeneity and possible bias. Egger’s regression test allows for a comparison
between the predictor, in this case standard error, and the effect size, and then poses the null
hypothesis that the produced funnel plot is symmetrical by showing that the intercept of the
regression is zero (Lifeng & Haitao, 2018). The Fail-Safe N, or “file drawer number” has three
different methods of calculation which can be informative in determining how many studies are
required to modify the results of an analysis: Rosenthal, Orwin, and Rosenberg. The Fail-Safe N
operates under the assumptions that the true effect size may be different than that of the
12

calculated effect size and that there are insufficient studies to show the true effect size included
in the analysis, and therefore N determines the minimum number of studies needed to: render the
calculated effect size insignificant (Rosenthal), render an effect size different to the calculated
average effect size (Orwin), or reduce significance by adding studies of equal weight to those
already included (Rosenberg) (Koricheva et al., 2013).
The funnel plot for the main analysis (Figure 1) shows intuitively that the majority of
studies included in the analysis form a distinct and symmetrical funnel, and this is supported by
Egger’s regression test showing that the intercept of the regression is not significantly different
from zero (int=0.2978±0.4221, p=0.4804). However, this plot also shows that most points fall
outside the 95% confidence interval, which indicates there may be some form of bias. A
potential bias is evident from the funnel plot depicting the subgroup for BPA studies (Figure 2),
which also shows the majority of points falling outside the 95% confidence interval whereas
plots for subgroups ATR, PFC, and PHN have far fewer points which fall outside their respective
95% confidence intervals (Figures 3-5). When comparing the plots for the subgroups AGR and
ENV (Figures 6-7), there is also an indication of bias towards AGR studies as opposed to ENV
given that the majority of points in Figure 6 fall outside the 95% confidence interval in
comparison to Figure 7.
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Figure 1: Full Analysis Funnel Plot
This plot graphs the standardized mean difference of each study against its respective
standard error. The dashed funnel indicates the 95% CI for the plot.
14

Figure 2: Subgroup ATR Funnel Plot
This funnel plot shows all data points relevant to the endocrine disrupting chemical ATR.
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Figure 3: Subgroup BPA Funnel Plot
This funnel plot shows all data points relevant to the endocrine disrupting chemical BPA.
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Figure 4: Subgroup PFC Funnel Plot
This funnel plot shows all data points relevant to the endocrine disrupting chemical PFC.
Lack of points along the left side suggests missing studies.
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Figure 5: Subgroup PHN Funnel Plot
This funnel plot shows all data points relevant to the endocrine disrupting chemical PHN.
Lack of points along the right side suggests missing studies.
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Figure 6: Subgroup AGR Funnel Plot
This funnel plot shows all data points pertaining to studies of plants with an agricultural
relevance.
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Figure 7: Subgroup ENV Funnel Plot
This funnel plot shows all data points pertaining to studies of plants of environmental
relevance.
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Since there is potential that bias exists in the sampled studies, the Fail-Safe N statistical
tests give an indication of the magnitude of the bias by calculating how many studies would be
needed to render different aspects of the analysis insignificant. The results of these tests can be
seen in Table 3. Rosenthal’s Fail-Safe N suggests that a minimum of 32463 studies would need
to be included before significance rose from p<0.0001 to p=0.05; Orwin’s Fail-Safe N suggests
that a minimum of 325 studies would need to be included in order to halve the calculated average
effect size from g=-1.2188 to g=-0.6094; Rosenberg’s Fail-Safe N suggests that a minimum of
23461 studies are needed to reduce the weighted average effect size’s significance from
p<0.0001 to p=0.05.
Table 3: Fail-Safe N tests for studies required to alter results

Heterogeneity analysis indicates that the sampled studies are different enough from each
other to be relevant to the analysis while still addressing the same topic; Q is sufficiently large
enough to support the random-effects analysis model, I2 statistics excluding ATR are all
indicative of true heterogeneity, and τ2 indicates sufficient between study variance to justify
heterogeneity. Fail-Safe N calculations suggest that a minimum of twice the amount of studies
included would be required before having a meaningful impact on results despite that impact not
changing the overall interpretation of the results.
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DISCUSSION
In this meta-analysis, the primary objectives were to further elucidate the nature of
EDCs’ effects on plants both agricultural and environmental, reexamine how secondary
contamination occurs, and give potential avenues for further research. We found that endocrine
disrupting chemicals have a significant negative effect on plants. As previously mentioned,
EDCs have a great potential to contaminate plants both grown agriculturally and growing in
natural environments and these have cascading effects on multiple different organisms including
humans, livestock, and other wildlife. Specific implications regarding the current meta-analysis
require further introspection; points of contention in the current analysis are not only justification
for future research but also affect the interpretation of the results.
Evidence of EDCs in potable (Arnold et al., 2013; World Health Organization, 2003) and
non-potable water (Čelić et al., 2020) which is suggested for use in agriculture has been
demonstrated in the present review, yet there are further consequences of plant exposure to
EDCs which also require consideration. While EDCs can be present in a plant and not show any
outwardly discernible effect on growth, they can still have a negative impact on vital plant
systems and physiology which is not immediately conspicuous. These effects are relegated to
processes such as photosynthesis, plant metabolism, hormone synthesis and reactions, etc.
Examples of these phenomena can be found throughout the literature on these topics. For
example, Picea meyeri introduced to varying concentrations of BPA (including concentrations
shown to produce a hormetic effect) showed that assemblage of cell wall components and actin
filaments were significantly inhibited as well as calcium efflux and reduced phosphatase activity,
all of which were contributing factors to the inhibited growth of pollen tubes (Chang et al.,
2015). A study performed by S. Zhao et. al. (2017) showed a contradictory trend; in conjunction
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with cadmium (studying their integrated effects), PFCs were shown to increase oxidative stress
in wheat but decrease oxidative stress in rapeseed, yet also showed decreased uptake in wheat
but increased uptake in rapeseed (S. Zhao et al., 2017). Because heavy metal pollution is also a
concern, the integrated effects of both these and EDCs should receive further research. Three
aquatic plants, Acorus calamus, Lythrum salicaria, and Scirpus tabernaemontani, exposed to
varying concentrations of atrazine, in addition to having inhibited growth, showed significant
oxidative stress after prolonged exposure of 30 and 45 days. However, after 60 days, these plants
began showing signs of acclimation as growth rates and oxidative stress responses began
returning to levels of control (Q. Wang et al., 2015). This suggests that prolonged exposure to
EDCs could induce a tolerance response which is another potential subject of further research.
The effects of these EDCs also have the potential to affect genetic expression as well; it has been
well established that some EDCs act as hormone analogs in humans, which can potentially cause
premature gene expression or suppression, but EDCs can influence gene expression in plants in a
similar manner. Ribulose-1,5-bisphosphate carboxylase-oxygenase, more commonly known as
Rubisco, is an extremely important subunit of the protein required to begin carbon fixation in
plants and was shown to be significantly down regulated in A. thaliana exposed to nonylphenol
(NP) (B. S. Chen & Yen, 2013). A close relative of atrazine, hydroxyatrazine, was shown to
affect several other pesticide-responsive genes in A. thaliana; the affected genes were those
known to be associated with pesticide stress response, pesticide metabolism, and signaling for
developmental stress (Larvor et al., 2013). There is even potential for EDCs to affect
conspicuous phenotypic expression; dioxins (an EDC not included in this analysis) were shown
to affect expression of seed phenotypes in A. thaliana by altering gene expression responsible for
seed oil production (Hanano et al., 2018). It is noteworthy that these studies which examine gene
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expression all use A. thaliana; while mouse-ear cress is the traditional plant model for studies
regarding genetics, this is hardly the extent to which such studies could be conducted. Other
studies which examine the effects of EDCs on genes of agriculturally relevant plants would be
beneficial to further understanding and possibly alleviating some of these effects, as well as
elucidating other potentially harmful effects not yet studied. Synthesis pathways which produce
nutrients found in food have been a subject of massive interest and study, and the results of these
studies are nothing short of revolutionary. The genetically modified brand of rice colloquially
known as Golden Rice was altered to produce beta carotene, a micronutrient which was lacking
in some parts of the world. Consumption of this transgenic rice helps to alleviate vitamin A
deficiency, and therefore its continued production should be carefully considered (Stein et al.,
2008). To date, there have not been any studies conducted testing the effects of EDCs on
biosynthesis of beta carotene or other micronutrients; studying these effects on nutrient synthesis
pathways has implications which would transcend human use and provide more information
about available nutrient content to organisms in both agricultural and environmental settings. All
of these untapped areas of potential study are integral in addressing the nature of the overarching
problem with EDC contamination.
Because plants have the potential to be a source of secondary contamination, there is a
possibility that a reassessment of allowable daily intake values of these chemicals is necessary
and should include all possible ways by which EDCs can be ingested. There is a disparity
between what world governments consider allowable daily intake values and no observable
effect levels for certain chemicals and studies being conducted on said chemicals. A primary
example of this is BPA; a review synthesized by Arnold et al. (2013) noted that while it is a
minor component in human exposure, BPA was detected in biologically active concentrations in
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surface and drinking water in several developed nations (Arnold et al., 2013). Several studies
indicate that BPA has effects at a cellular level in concentrations as low as .23 ng/mL (Camarca
et al., 2016), and BPA has been found in human urine in concentrations averaging .861 ng/mL
(Kubwabo et al., 2014) but the U.S. EPA and World Health Organization have determined both
the safe daily intake and estimated daily intake from biomonitoring of BPA to be orders of
magnitude higher: 50 µg/kg bodyweight safe daily intake (Diamanti-Kandarakis et al., 2009) and
.05-.27 µg/kg bodyweight monitored daily intake (Arnold et al., 2013). Some countries, such as
Canada, have already determined BPA to be a threat to human health and introduced legislation
to eradicate it (Erler & Novak, 2010). The common sources of BPA exposure (as well as other
EDCs) are readily identified: plastic products such as food storage containers, plastic lining for
cans, PVC tubing, thermal receipt paper, etc. These common sources of exposure are then
correlated to such phenomena as any adverse health effects of BPA and accumulation in bodily
fluids such as blood, urine, and breast milk (Camarca et al., 2016; Zimmers et al., 2014).
Institutions synthesizing research with regard to EDCs fail to account for the possibility of
discrete or secondary contamination sources such as those evidenced in the present review and
analysis. Taking into consideration the potential for further contamination should be a prevalent
factor in synthesis of new research and influence future policies regarding EDCs and their effects
on human health.
It’s important to realize that there are some mitigating factors to the potential harm
caused by EDCs to plants. A study conducted by Ying & Kookana (2005) suggests that two of
the included classifications of EDCs, BPA and PHN, have the potential to be degraded in aerobic
soil by microbiota. Ying & Kookana further explain that the chemistry of these substances plays
a vital role in their degradation; BPA was very readily degraded in the aerobic soil, which has
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been evidenced previously in seawater and river water studies as well. Microbiota may need an
acclimation period before initiating degradation of BPA, but very clearly showed a propensity
for degradation (Kocaman & Ozhan, 2019; Peng et al., 2015). The phenolic compounds 4-nNonylphenol and 4-tert-Octylphenol were included in the present analysis under the PHN
classification and were shown by Ying & Kookana to also degrade in aerobic soil, although the
nonylphenol degraded more readily due to its straight side chain as opposed to the octylphenol
(Ying & Kookana, 2005). Microbial degradation of EDCs has the potential to play a vital role in
combating their negative effects, but the potential for further degradation by plants should not be
discounted. Some plants such as perennial ryegrass and radishes can degrade and phytoremediate BPA, whereas other plants such as lettuce have the potential to degrade PFCs into
equally active and harmful analogues (Bizkarguenaga, Zabaleta, Mijangos, et al., 2016; Loffredo
et al., 2010). There is potential for phytoremediation using both microbes and plants, but it is
commonly agreed that implementation of these techniques would require further research to
determine the best organisms for this phytoremediation. Therefore, the perspective by which
future studies are conducted should shift from a seemingly “hit-or-miss” style of plant selection
for phytoremediation studies and instead categorize based on phylogenetics. Genetic
modification may also play a vital role in research of species for phytoremediation, but the
pathways by which these plants perform remediation and whether other plants in similar
classifications are capable of remediation as well still needs further study. Some past studies
have presented results from a phylogenetic perspective (Hülster et al., 1994), but have not gone
in depth in terms of higher classifications of plants or delineations based on monocot versus
dicot, vascular versus non-vascular, gymnosperm versus angiosperm, etc. These further
classifications could help to establish context and elucidate a correlation which would ultimately
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allow for selection of plants which have the potential for phytoremediation and effective
implementation in world water systems.
For this analysis, 55 journal articles detailing EDCs as they relate to plants were selected
for review. Although data was extracted from only 22 of these articles, all of the reviewed
literature was informative on an aspect of plants and how they interact with EDCs from a
molecular level up to an organismal level. There are certain trends which became evident among
the way these studies were conducted and analyzed, and these trends cause gaps and
inconsistencies in the interpretation of the results. One of the most evident trends, as previously
mentioned, is hormesis: a biphasic response to a change in concentration of a substance or a
condition most often denoted with a low dose having a stimulatory effect and a high dose having
an inhibitory effect (Mattson, 2008). Throughout the literature review, evidence from multiple
studies indicated a hormetic effect from exposure to phenolic compounds (Esteban et al., 2016),
perfluoronated compounds (Qu et al., 2010; H. Zhao et al., 2011; Zhou et al., 2016), and
especially bisphenol A (Jiao et al., 2017; Qiu et al., 2013; S. Wang et al., 2015). H. Zhao et al.
(2011) give a potential explanation for the hormetic effect found in plants by stating that PFCs
caused higher membrane permeability in root cells which allowed for greater nutrient uptake,
which is also true of BPA (H. Zhao et al., 2011). This presents two problems: unregulated
nutrient uptake can cause metabolic disorders and improper cell signaling in plants, and can
facilitate further uptake of the EDC contaminant (Nie et al., 2016). So while there is an initial
reaction to study potential growth benefits of these EDCs, intentional contamination would
create more problems than it would solve, and instead focus should move towards genetic
engineering of plant species which have differential responses to EDCs. Genetic engineering
with the intent to produce a detector for EDCs is currently being studied; transgenic A. thaliana
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was engineered to produce anthocyanins and turn a red color in the presence of BPA and showed
gene expression in response to concentrations of BPA as low as 1 part per trillion (ppt) (Kim et
al., 2019). However, there is evidence to suggest that genetic manipulation with the intent of
producing a contaminant-tolerant species can cause a reduction in fitness; Olsson et al. (2000)
showed that atrazine tolerant species of Brassica napus had a mutated subunit of the D1 protein,
a protein necessary for efficient electron transport in PSII. This same subunit binds atrazine, an
EDC included in herbicides specifically for its negative effect on photosynthesis, which makes it
both a target for engineering of a tolerant plant and causes a reduction in fitness (Olsson et al.,
2000). Genetic manipulation and selective breeding for tolerant plants should be further
examined with more attention paid to the pathways and mechanisms by which these EDCs
function. Another general trend of researchers is the tendency to select testing concentrations on
a logarithmic scale wherein the low end of tested concentrations will be several orders of
magnitude lower than the high end of tested concentrations (Adamakis et al., 2013; B. S. Chen et
al., 2013; Qu et al., 2010). The rationale behind the logarithmic jump in testing concentrations is
understandable; in order to give a clear comparison between the effects of low concentrations
and high concentrations, there needs to be sufficient difference between the two. The results of
the present study call the necessity for inclusion of the high-end concentrations into question.
The continued use of logarithmic testing concentrations may be beneficial for establishing
comparisons, but the high end of testing concentrations is rarely relevant to real-world
contamination levels (Crain et al., 2007). Researchers should no longer be focusing their
attention on if an EDC has an effect on a plant (especially plants which have received several
studies such as A. thaliana) but addressing the magnitude of the effect and establishing
parameters such as no observable effect concentrations (NOECs) and lethal concentrations in
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50% of tested subjects (LC50s). Subsequently comparing these established concentrations to
environmentally relevant concentrations will further address the overarching problem and give a
more accurate perspective.
One final noticeable trend throughout these studies is in the ways tested plants are grown;
most often, plants grown for research purposes have the tested EDC introduced hydroponically
(Ferrara et al., 2006; García-Valcárcel et al., 2014; Qiu et al., 2013). There is no debate that
hydroponics is an effective way to grow plants efficiently, especially for the purposes of
research, but the contention again lies with relevance. Evidence suggests that EDCs react
differently with plants in solid growth media as opposed to hydroponic introduction
(Bizkarguenaga, Zabaleta, Prieto, et al., 2016; Qiu et al., 2013), and these would be the more
informative and relevant results simply because the vast majority of plants grown either wild or
for agricultural use are grown in solid media. Understandably, usage of solid growth media
potentially introduces several other factors which would be more difficult to control as opposed
to hydroponic growth, so future studies should be interpreted carefully. Addressing these trends
in the research would further elucidate the true nature of EDCs’ effects on plants and help to fill
in the current gaps in the knowledge where these plants and chemicals have already been studied.
The present study is not all-inclusive; several different chemicals which have had
insufficient study were not included in this analysis for that reason. This does not diminish their
importance or relevance to the present study, but shows that focus needs to be broadened and
research needs to be conducted in a more generalized sense. However, the term “endocrine
disrupting chemical” is one which has a generalized definition out of necessity. Ostensibly, any
foreign substance or chemical which people ingest has the potential to irrevocably alter their
body’s chemistry, and therefore research on this subject as a whole requires categorization.
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Resolving this paradoxical situation is an underlying problem which has been addressed at a
subconscious level in many different ways, leading to the body of knowledge currently available
today. It is through meta-analysis that this problem has come to light; the result of this analysis is
not groundbreaking in the sense that EDCs were not expected to have a negative effect on plants
in general – ATR is specifically used as an herbicide and was expected to have negative effects
on plants, and the other tested EDCs are well known for their effects on physiological systems.
However, this analysis elucidates several of the problems which have gone unaddressed or
under-represented for a long time. Using meta-analysis, these problems can be addressed and
allow this study to galvanize more research.
Bisphenol A has an over-representation in the analysis, which indicates both sampling bias
and publication bias. This over-representation is unsurprising; BPA has been shown several
times over the course of its study to have detrimental effects to animals and humans alike
(Hentges et al., 2009; Rochester, 2013). “Sampling bias” is a self-definitive term refering to bias
on the part of the analyst to include/exclude particular studies for conscious or unconscious
reasons (Felson, 1992). Sampling bias is present due to 14 out of 22 sampled articles testing
some effect of BPA. Publication bias is equally likely; publication bias exists on the part of
publishers and consists of only publishing results of a certain topic or only publishing results
which are statistically significant (Borenstein et al., 2009). Of the 325 included data points, 257
of those were testing some effect of BPA, representing an overwhelming majority of the data.
Conjecture regarding the reason is therefore necessary; BPA is a very popular topic of study
compared to sister chemicals such as bisphenol S (BPS) and bisphenol F (BPF), which for the
purposes of the present study works to its detriment. When sampling literature for the analysis,
studies regarding BPA were the most readily accessible and had more research concerning its
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effect on plants than its analogues or other sampled EDCs. A possible explanation for this
phenomenon comes from the work of Chen et al. (2016) who identified several gaps in the
current knowledge regarding BPA analogues including BPS and BPF such as environmental
occurrence and persistence, toxicity studies, routes to human exposure, etc. These significant
gaps in the current knowledge of bisphenol analogues speak to a much more detrimental problem
also identified by Chen et al.: bisphenol analogues have the potential to be equally or more
harmful to exposed organisms in comparison to BPA (D. Chen et al., 2016). This is to say
nothing of the disproportionality of studies observing the effects of BPA compared to other
EDCs included in this study which also have the potential to be just as harmful as BPA yet
comparatively get little to no research. Therefore, similar research to the extent that BPA has
accrued should be conducted not only for bisphenol analogues but also for other identified
EDCs.
Agricultural studies also have an over-representation, which could indicate an intrinsic
bias towards conducting research which is more pertinent to human interests, i.e. inadvertently
contaminating food grown for human consumption. The importance of EDC study in
agriculturally relevant plants cannot be understated. Contamination from EDCs, as well as other
chemicals, is one of the more prevalent problems facing farmers around the world, and this
problem is multi-faceted. EDCs have a significant potential to be harmful to plants, as the
present study strongly suggests, but a review of the literature also identifies another major aspect
of the problem: many plants grown for human consumption have the potential to uptake and
translocate EDCs into plant organs being farmed. Examples of some agriculturally relevant
plants which are able to translocate EDCs into above ground organs and/or organs produced
specifically for human consumption include: carrots, turnips, pumpkins, zucchini, cucumber,
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radish, lettuce, collard greens, wheat, and maize (Dodgen et al., 2013; Hülster et al., 1994;
Krippner et al., 2014; Loffredo et al., 2010; Walker & Featherstone, 1973; H. Zhao et al., 2013).
When considering the fact that EDCs are readily up taken by plants humans produce and
consume, the obvious correlation is a potential for secondary contamination due to deposited
EDCs being consumed and accumulating in the body. The more discrete consequence is the
possibility for EDCs to contaminate foods other than plants; livestock which humans husband for
consumption is also at risk of contamination due to EDCs being potentially present in the food
grown specifically for them to eat, including some foods previously mentioned. Evidence
suggests that EDCs are able to be stored in the fatty tissues of such organisms, which would then
be a further source of tertiary contamination for humans that subsequently consume the fatty
tissues of raised livestock (Sweeney, 2002). These problems are represented in the present study
by an overabundance of literature on identified agriculturally relevant plants; the bias behind
studying agriculturally relevant plants is understandable and may not be blatant or intentional.
Replicating growing conditions for plants that have a well-known history for growing under
modified or unfavorable conditions for the purposes of studying a chemical’s effect would be an
optimum choice for any researcher. Institutions which conduct said research also have a vested
interest in the result due to it having a direct effect on society as a whole; the adage goes that
researchers tend to do more research and learn more about subjects which threaten human
society than those subjects which are more niche and with less potential harm. Therefore it’s
understandable that more research has been performed (or is more readily accessible) on
agricultural plants as opposed to environmental ones. However, ignoring or under-representing
environmentally relevant plants contributes to the problem of their contamination; if these
chemicals have the potential to persist in agricultural plants, then they have equal potential to
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persist in plants not grown for human consumption. This problem then cascades in a similar
manner to how it presents itself in agriculturally relevant plants; an analogous situation is that of
DDT wherein a chemical is present lower in the food web of a certain ecosystem which is then
consumed by predators and causes long-term, unforeseen problems with the physiology of nontarget species (Fox, 1976). EDCs have the potential to harm other wildlife (Hentges et al., 2009),
and as long as they are in the water system they threaten to have a cascading negative effect
within ecosystems. This problem can be further addressed by conducting more research on the
effects of EDCs on environmental plants.
Ostensibly, the lowest number of studies required to perform a meta-analysis is two, so
long as the studies are similar enough in their measure to be realistically compared (Ryan, 2016).
For the purposes of applying useful statistics to fit Hedges’ model for a standardized mean
difference, the only requirements were a control mean, an experimental or treatment mean
(which was taken as the average of testing groups only of varying concentrations), and a standard
deviation for each group. This is where the nature of the articles selected becomes important;
almost every article selected for use in this analysis gave data on multiple different tested factors
such as different plants, different time periods, or different plant processes. Because of this, in
order to comply with Hedges’ model, each new, differing criterion being tested was able to be
considered a new study. This, in turn, caused weights of all the studies to be distributed in such a
manner as to be fractions of a percent, which ultimately lowered their statistical power for
analysis. This is not to say that Hedges’ model was insufficient to perform the meta-analysis, but
minor contentions may begin to arise upon closer inspection of the data; due to how Hedges’
model is structured, data points can be misrepresentative either due to how it was measured or
what was measured. Data which were recorded at separate times on the same tested plants can be
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considered a repeated measurement and statistically dubious to include as part of a larger dataset.
However, under Hedges’ model, the only useful statistics are the means and standard deviations
previously mentioned. It would therefore be prudent to begin working towards a statistical model
which can accommodate multiple covariates in order to address the issue of measurements at
multiple time periods which are relevant and informative for the purposes of elucidating an effect
but can potentially be considered irrelevant or cause weight distributions (in a standardized mean
difference model) to be spread thinly and cause each study to be statistically less meaningful as a
result. Establishment of a new model could also address a potential disparity in unconscious
“cherry-picking” of data wherein analysts only select data at a specific time or under a specific
repeated measurement criterion to be used in analysis; allowing for the inclusion of all potential
repeated measurements in a study can solve the associated problems with studies being restricted
to only a mean and a variance and allow for more sophisticated and informative analyses.
There is also the matter of data in which a negative quantitative result is not indicative of an
overall negative effect on the plant nor a positive result indicative of a positive effect. In general,
and because of Hedges’ model, a reduction in the means between control and testing groups was
associated with a negative outcome or effect while a gain was associated with a positive effect,
but this is an oversimplification of real-world outcomes. This was rare in the overall dataset;
there were 14 instances in the dataset wherein the mean of the control group was higher than the
mean of testing groups and could be considered a negative effect. These instances were relegated
to measurement of reactive oxygen species (ROS). ROSs are produced by many organisms in
response to stress and can damage cells, so their increased production in response to a stress such
as EDCs can be considered a negative effect despite being measured positively. As stated
previously, Hedges’ model is relatively simplistic in its implementation, so proper integration of

34

another statistical test by which a positive change can be associated with a negative outcome
would be necessary for future usage of results which indicate such outcomes.
There are also points of contention within the heterogeneity analysis; even though many
more data points would be required before the significance of these results can be disputed,
disregarding the obvious biases indicated by the results of the funnel plot analysis would render
the entire result moot. Analysis of the funnel plots is therefore crucial to understanding the
potential for biases in the selected studies and potential biases in the current available body of
literature on the topic of EDC plant toxicology. Although many authors encourage caution when
analyzing funnel plots (Borenstein et al., 2009; Koricheva et al., 2013; Lifeng & Haitao, 2018),
the number of studies included in the analysis in addition to the significance of the heterogeneity
statistics can safely alleviate contentions such as unreliability. There are two main problems with
the current body of literature on the topic of EDC toxicology as it relates to plants which have
been identified by the present analysis: over-representation of BPA and over-representation of
agricultural plants. These misrepresentations can be a potential source of bias in the sampled
studies and are a cause for further analysis and study to both remedy the disparity and elucidate
the effects of both other EDCs effects on plants and the environmental plant response to EDC
contamination.
Discussions and suggestions regarding the effects of EDCs both on humans and on plants
is a profound subject which still requires more study and information. Studies on EDCs as they
affect plants have shown evidence of being too introspective and too narrowly focused to address
the problems presented in this study, and EDCs continue to be a concern to governments around
the world due to the nature of their contamination (Čelić et al., 2020; Montiel-León et al., 2019;
H. Zhang et al., 2019). The results of the present study conclude that EDCs have a significant
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negative effect on plants, but the research on botanical toxicology of EDCs is limited in specific
subjects shown to be a concern such as phytoremediation, analogous chemicals, and
determination of safe intake values as they relate to plant contamination. Therefore, the
continued research of these and other related topics will be a determinant factor in resolving
contamination issues worldwide.
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APPENDIX B: EXPLANATION OF HETEROGENEITY STATISTICS
Cochran’s Q is an assessment of whether there is true variability in a sample by acting
similarly to a χ2 analysis; Q assumes a null hypothesis that homogeneity exists within the sample
and operates based on a χ2 distribution with k-1 degrees of freedom (k being the total number of
included studies). Interpretation of Q can give confirmation and support for the chosen statistical
model; rejection of the null hypothesis indicates the existence of heterogeneity among the
sampled studies and therefore suggests the random-effects meta-analytical model. However, the
drawback to using Q as an indicator of heterogeneity is the size of the sample; cases where
sample sizes are large, such as the present study, give less power to Q to be able to detect
negligible variability. Therefore the Q statistic needs to be interpreted cautiously and taken into
consideration along with the nature of the question being asked of the analysis and how
interventions are being accounted. Most often, the analytical method of choice can be intuited
based on what sampled studies pertaining to the question specifically tested; studies which
address the outcome of a specific intervention differ to studies that address a general effect, and
this is the primary difference between a homogenous, fixed-effects analysis and a heterogeneous,
random-effects analysis. Higgins’ I2 also works in conjunction with Q, but instead of denoting
the presence or absence of heterogeneity, I2 addresses the percentage of true heterogeneity versus
sampling error. I2 is a clearer indicator of heterogeneity because it is calculated as a percentage
which allows for distinct categorization of heterogeneity, i.e. low, medium, or high. DL’s τ2 is a
measure of between study variance, and its calculation is dependent on the estimator used. In this
case, τ2 was used to calculate between study variance; the DL method is considered acceptable
when the amount of true between study variance is small and k is sufficiently large, and due to
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the large number of studies included in the present analysis, the DL τ2 is a sufficient indicator of
between study variance (Huedo-Medina et al., 2006; Veroniki et al., 2016).
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APPENDIX C: SOFTWARE CONFIGURATION
OpenMEE Settings
OpenMEE operates by importing comma-separated value files (.csv) into its interface
which are categorized in columns by name. In this case, the named columns and their variable
delineations were as follows: study name (study ID), year (categorical), plant type (categorical),
EDC (categorical), control mean (continuous), control standard deviation (continuous), averaged
treatment mean (continuous), averaged treatment standard deviation (continuous), and sample
size (count). After assigning the appropriate variable delineations, the “calculate effect size”
command was employed with settings for “means and stand. devs” data type and “Hedges’ d”
effect size selected. The appropriate columns were then selected from the dropdown menus for
“Control Group” and “Experimental Group” means, standard deviations, and sample sizes. The
checkbox for “Establish linkage between raw data and calculated effects” was checked by
default. The program then generated two more columns with the effect size and variance labelled
“d” and “Var(d)” respectively, both as continuous variables. The command “Standard MetaAnlaysis” was then used, and data type, effect size, and column locations were all correctly
specified by default. All studies were selected to be included in the analysis. The final step prior
to conducting analysis was to choose “continuous random-effects” from the dropdown menu for
analysis method and “DL: DerSimonian-Laird” for random-effects method. Confidence interval
and number of digits to display defaulted to 95.0 and 3, respectively. OpenMEE then generated a
document detailing weights, a summary of the analysis, and a forest plot. The “Subgroup
Analysis” command was then selected and options were repeated for similar prompts save for
one analysis being specified to separate studies based on EDC and one to separate studies based
on plant type.
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R Code For Production Of Funnel Plots
install.packages("meta","metafor","lattice","Matrix","dplyr","tidyr")
library(meta)
library(metafor)
library(lattice)
library(Matrix)
library(dplyr)
library(tidyr)
##SET DIRECTORY FOR PROVIDED FILE
read.csv("Full Data CSV_Edited.csv")->Full_Data
meta_fulldata=metacont(Sample.Size,Treatment.Avg..Mean,Treatment.Avg..SD,Sample.Size,Co
ntrol.Mean,Control.SD,
data=Full_Data,
sm="SMD",
method.smd="Hedges"
)
funnel(meta_fulldata)->funnel_fulldata
filter(Full_Data, EDC.=="BPA")->fdbpa
filter(Full_Data, EDC.=="ATR")->fdatr
filter(Full_Data, EDC.=="PFC")->fdpfc
filter(Full_Data, EDC.=="PHN")->fdphn
filter(Full_Data, Plant.Type.=="AGR")->fdagr
filter(Full_Data, Plant.Type.=="ENV")->fdenv
meta_bpa=metacont(Sample.Size,Treatment.Avg..Mean,Treatment.Avg..SD,Sample.Size,Contro
l.Mean,Control.SD,
data=fdbpa,
sm="SMD",
method.smd="Hedges"
)
meta_atr=metacont(Sample.Size,Treatment.Avg..Mean,Treatment.Avg..SD,Sample.Size,Control
.Mean,Control.SD,
data=fdatr,
sm="SMD",
method.smd="Hedges"
)
meta_phn=metacont(Sample.Size,Treatment.Avg..Mean,Treatment.Avg..SD,Sample.Size,Contro
l.Mean,Control.SD,
data=fdphn,
sm="SMD",
method.smd="Hedges"
)
meta_pfc=metacont(Sample.Size,Treatment.Avg..Mean,Treatment.Avg..SD,Sample.Size,Control
.Mean,Control.SD,
data=fdpfc,
sm="SMD",
55

method.smd="Hedges"
)
meta_agr=metacont(Sample.Size,Treatment.Avg..Mean,Treatment.Avg..SD,Sample.Size,Control
.Mean,Control.SD,
data=fdagr,
sm="SMD",
method.smd="Hedges"
)
meta_env=metacont(Sample.Size,Treatment.Avg..Mean,Treatment.Avg..SD,Sample.Size,Contro
l.Mean,Control.SD,
data=fdenv,
sm="SMD",
method.smd="Hedges"
)
funnel(meta_atr)->funnel_atr
funnel(meta_bpa)->funnel_bpa
funnel(meta_pfc)->funnel_pfc
funnel(meta_phn)->funnel_phn
funnel(meta_agr)->funnel_agr
funnel(meta_env)>funnel_env
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APPENDIX D: SUPPLEMENTARY DATA TABLE

Table S1: Summary of collected data from selected articles

Table S1: Summary of collected data from selected articles
Table shows the labelled studies and all relevant variables for analysis including the plant type, EDC tested, means
and standard deviations, and sample size. Effect sizes and weights were calculated by OpenMEE.
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Table S1: Supplementary Full Data Table. Table shows the labelled studies and all relevant
variables for analysis including the plant type, EDC tested, means and standard deviations,
and sample size. Effect sizes and weights were calculated by OpenMEE.
58

59

60

61

62

63

64

65

66

67

68

69

70

APPENDIX E: FIGURES
Figure S1: Full Analysis Forest Plot
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Figure S1: Full Analysis Forest Plot
Values for effect sizes and variances of each study are marked with boxes and whiskers, and the
summary point is marked with a diamond.
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Figure S2: Subgroup ATR Forest Plot

Figure S2: Subgroup ATR Forest Plot
Values for effect sizes and variances of each study in the ATR Subgroup are marked with boxes and
whiskers, and the summary point is marked with a diamond.
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Figure S3: Subgroup BPA Forest Plot
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Figure S3: Subgroup BPA Forest Plot
Values for effect sizes and variances of each study in the BPA Subgroup are marked with boxes
and whiskers, and the summary point is marked with a diamond.
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Figure S4: Subgroup PFC Forest Plot

Figure S4: Subgroup PFC Forest Plot
Values for effect sizes and variances of each study in the PFC Subgroup are marked with boxes
and whiskers, and the summary point is marked with a diamond.
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Figure S5: Subgroup PHN Forest Plot

Figure S5: Subgroup PHN Forest Plot
Values for effect sizes and variances of each study in the PHN Subgroup are marked with
boxes and whiskers, and the summary point is marked with a diamond.
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Figure S6: Subgroup AGR Forest Plot
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Figure S6: Subgroup AGR Forest Plot
Values for effect sizes and variances of each study in the AGR Subgroup are marked with
boxes and whiskers, and the summary point is marked with a diamond.
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Figure S7: Subgroup ENV Forest Plot

Figure S7: Subgroup ENV Forest Plot
Values for effect sizes and variances of each study in the ENV Subgroup are marked with
boxes and whiskers, and the summary point is marked with a diamond.
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